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bstract
The aim of this paper is to investigate the effect of scale on embankment breach processes. Relatively large scale physical
odels to study the embankment breach processes are expensive and time consuming. Relatively small scale experiments give
etter opportunity to explore the embankment breach events, but the scale effect should be considered. In this study, two small scale
vertopped sand embankments were investigated in a laboratory flume. The results of these experiments are compared with the
esults of a previously studied large scale experiment. The analysis shows that, both the large and the small scale embankments follow
lmost the same embankment erodibility processes and the same rate of breach. It can be concluded that, small scale embankments
an be used to study breaching events due to overtopping even with the scale effect.
 2016 National Water Research Center. Production and hosting by Elsevier B.V. This is an open access article under the CC
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
It is reported that for earth/embankment dams, 35% have failed due to overtopping, 38% from piping and seepage,
1% due to foundation defects; and 6% from other failure modes (Costa, 1985). There is presently both a need and
pportunity to achieve significant improvements in the technology used to analyze embankment breach processes
Wahl, 1998). The potential benefits to be achieved from this effort may significantly aid risk assessment studies,
n which thresholds of embankment failure, probabilities of failure, and consequences of failure are all of prime
mportance (Dewey and Gillette, 1993). Unfortunately, breach simulation and breach parameter prediction have thePlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
reatest uncertainty of all aspects of embankment-breach flood forecasting (Wahl, 2001, 2004). Most approaches rely
ither on case studies data from past dam failures or numerical models that do not simulate the erosion mechanisms
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and flow regimes that are relevant to a dam breach. Wahl (1998) summarized the breach parameter prediction methods
and evaluated the uncertainty of predictions made using those methods.
Case studies data are especially weak for making predictions of the time needed to initiate a breach, the rate of
breach formation, and the total time required for failure (Wahl, 2010). This is due to the difficulty of defining the exact
point of failure and the variations in interpretation of failure by the lay person who often is the only eyewitness to a
dam failure. Physically-based numerical models (e.g., NWS-BREACH) offer the potential to provide more detailed
information but at this time are recognized as having limited accuracy (Wahl, 2009). Available models rely on sediment
transport relations that are not applicable or are untested in the regime of flow conditions applicable to a dam breach.
Furthermore, many of the available models simply do not simulate the failure mechanisms observed in case studies
and laboratory tests (Wurbs, 1987; Hanson et al., 2008).
To evaluate the consequences of embankment breach and to estimate the breach outflow hydrograph and downstream
flooding consequences hydraulic modeling is needed. To address questions about the embankment breach events,
relatively large scale models of embankment breach are required, but the large scale experiment is relatively costly and
needs longer time which will limit its ability to investigate a large number of dam breaks.
This research aims at studying the possibility of conducting embankment breach due to overtopping on relatively
small scale experiments (laboratory flumes). The scale effect will be considered by comparing the results of the small
scale experiments and the results collected from the previously conducted large scale experiments.
2.  Model  scale
Scale models of different cross sections of the embankments are built in a flume in order to simulate the overtopping
of this embankment dam. To set up relevant and accurate relations between the results from the small scale model and
the large scale model, the scaling is performed according to the proper similarity rules.
2.1.  Similarity  rules
From the hydraulic point of view, the breaching due to overtopping is a free surface process dominated by gravity
phenomena. Therefore the Froude similarity must be respected. This requires that the ratio between the gravity and the
inertia forces (which is the Froude number Fr) be equal in both the model and in the prototype. The Froude number is
defined by Eq. (1):
Fr = V ⁄(gh)0.5 (1)
where Fr: the Froude number; V: the flow velocity (m/s); g: the acceleration due to gravity (m/s2); h: the hydraulic
depth (m).
Furthermore, to ensure that the viscosity effects remain insignificant, the Reynolds number must be higher than
2000 for both the model and the prototype (HRI Report 211, 2014). The Reynolds number is defined by Eq. (2):
Re = VR⁄ν (2)
where Re: the Reynolds number; R: the hydraulic radius (m); : kinematic viscosity (m2/s).
The Reynolds number in this model is about 3000 which ensures a turbulent flow and the viscosity effect is
insignificant. Important scaling ratios for Froude-scaled models are the following:
Qr =  L2.5r (3)
Vr =  L0.5r (4)
tr =  L0.5r (5)
where Qr: the discharge scale ratio; Lr: the model length scale ratio; Vr: the velocity scale ratio; tr: the time scale ratio.Please cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
2.2.  Scaling  material  properties
The second consideration for model design is the selection of model working fluids and sediment materials. The
working fluid for these models will be water, so fluid properties of model and prototype fluid are essentially the same,
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Table 1
Description of the experiments.
Embankment No. Type of model Dimensions Scale ratio Remarks
W (m) H (m) T (m) S1 S2
1 Large scale 5.0 1.80 1.50 2.5 2.5 1:1 Base case
2 Small scale 1.0 0.90 0.75 2.5 2.5 1:2 Test 1
3 Small scale 1.0 0.45 0.375 2.5 2.5 1:4 Test 2
W: width of the embankment (m).
H: height of the embankment (m).
T: top width of the embankment cross section (m).
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t1: side slope of the embankment facing the river.
2: side slope of the embankment facing the land.
gnoring minor differences caused by temperature and water quality variation. The prototype sediment is pure sand for
oth the large and the small scale models.
Wahl and Lentz, (2011) stated that in models that simulate sediment transport, scaling of the geometric size of
odel sediment is important, but for embankment breach model it is believed that the embankment erosion rates are
imited by sediment detachment processes, rather than sediment transport processes. The widely accepted model for
ediment detachment according to Hanson and Cook (2004) is as follows:
ε =  kd (τ  −  τc) (6)
here ε  = volume of material removed per unit surface area per unit time (m/s); τ  = applied shear stress (N/m2);
c = critical shear stress needed to initiate sediment detachment (N/m2); kd = detachment rate coefficient (units of
ength per time per stress).
If the model scale can be kept sufficiently large so that this sediment detachment model will apply to both the model
nd prototype, then the scale ratios for these parameters can be shown to be as in Eqs. (7) and (8):
τr =  Lr (7)
kd,r =  L−0.5r (8)
The critical shear stress for most embankment materials is relatively low in comparison to the applied stresses (τ),
o it is often assumed to be zero in the prototype (Hanson et al., 2010). To satisfy the scaling ratio above, the critical
hear stress for the model material should be reduced from the prototype value by the length scale ratio, but if the
rototype value is zero, the model value can also be set to zero.
To obtain scalable model performance, the (kd) value of the model material should be larger (more rapid erosion)
han the kd value of the large scale embankment material, and the critical shear stress should be smaller (again, more
rodible). Hanson et al. (2010) provided an estimate of (kd) based for ranges of % clay, wet and dry optimum water
ontent and compaction effort.
.3.  Hydrodynamic  considerations
The worst-case scenario simulation is when a canal embankment breached so rapidly, operational response was so
elayed, or the canal was so long that the breach process was unaffected by the length of the reach or by operational
esponse (Dun, 2007). In such a scenario, the water surface elevation in the canal would remain constant during the
reach initiation and breach development processes.
.4.  Experimental  conditionPlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
The large scale model test is a base case for comparison and it was done earlier by El-Ghorab et al. (2013). The
ther two tests for small scale experiments were carried out in this research. As can be seen in Table 1, the large scale
mbankment is 1.8 m high. The width at the crest is 1.5 m and with side slopes of 1:2.5. For the small scale experiment,
he first embankment is 0.90 m high with top width of 0.75 m and side slopes of 1:2.5. The second embankment is
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0.45 m high and top width of 0.375 m with the same side slopes as the first embankment. Fig. 1 shows a depiction of
the breach embankments.
3.  Description  of  the  experiments
This study focuses on conducting small scale experiments for the embankment breach and comparing the results
of these experiments with the results of the previously investigated large scale experiment. Conducting embankment
breach on small scale experiments (laboratory flumes) allows for more detailed investigations. The tested embankment
should be compacted using the modified proctor compaction procedure for small dams. Laboratory tests of the soil
would be necessary in order to obtain the necessary field compaction parameters: maximum dry unit weight and
optimum water content. The parameters should be obtained following the ASTM (2003).
3.1.  Large  scale  experiments
The selected embankment dimensions for the large scale experiment represent approximately half of typical emer-
gency embankments (ASCE/EWRI, 2011). It is worthwhile to mention that the sand that was used in the large scale
experiment as the only embankment material is the same as the sand that will be used to shape the small scale embank-
ments but with different water content. The maximum dry density for the large scale embankment of the used sand is
2.04 gm/cm3 while the optimum moisture content (OMC) is 8.5%. The large scale model and all data and analysis of
this test can be seen (El-Ghorab et al., 2013; HRI Report 106, 2014).
3.2.  Small  scale  experiments
These experiments involve breaching of homogenous embankments which are constructed using different dimen-
sions. The selected embankment dimensions represent approximately 1:2 and 1:4 scales of the large scale model,
Table 1.
3.3.  Experimental  set  up
The experiments are carried out in a 30 m long flume. The most important requirement is maintaining a close to
constant water surface level upstream embankment head during the breach process. A constant head during tests near
the embankment is maintained by adding a reservoir in the upstream side of the flume, and adjusting the inflow rate.
The breach is initiated by carving a small pilot channel at the middle of the embankment crest. The water level atPlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
various locations is monitored by a number of ultrasonic surface profilers. Once the embankment failure is complete,
the breach is surveyed in detail. The flow rate downstream of the reservoir is passed through a stilling basin with a
sharp-crested weir in order to measure the flow rate. Two measuring bridge profilers provided with labeled rods are
deployed over the downstream face of the embankment in order to record the growth of the breach depth during the
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•Fig. 2. Layout of the experimental flume to test the sand embankment breach.
xperiment. Two high definition digital cameras with high resolution and speed are used to measure the breach width
nd depth evolution. The breach width evolution was directly measured by taking snapshots of the experiment recorded
t regular intervals. Fig. 2 shows the experimental setup along with instrumentation. Two pumps, with a maximum
ombined flow capacity of 300 l/s, are used to supply water to the flume during the experiments. Fig. 3(a,b) shows part
f the flume while, the labeled rods and the sand embankment are shown in Fig. 3(c,d).
.4.  Embankment  material
The breach embankment is constructed from pure sand. The results of the sieve analysis for the used sand are plotted.
ig. 4 shows the grain size distribution of pure sand. The mean particle size of the sand is 0.503 mm. A sample of
he sand that is used for the model construction was investigated by the soil mechanics laboratory of the Construction
esearch Institute, CRI in Egypt to determine the optimum moisture content and maximum dry density for the sample,
ig. 5. This data is used to amass the embankment in 6 layers for compaction. Modified proctor compaction tests are
onducted for each layer to attain the maximum compaction. The optimum moisture content is 12% and the maximum
ry density of the sand sample is 1.79 gm/cm3.
The water content of the sand soil that was used to form the small scale embankment was adjusted to obtain the
rodibility of the sand embankment as described by Eq. (6). The method to adjust the erodibility is well explained
y Hanson et al. (2010). The erodibility for the large scale model material which is pure sand is around 50 cm3/N-s.
ccording to Eq. (8), the 1:2 scale model, the erodibility is taken as 70 cm3/N-s and in the 1:4 scale model the erodibility
s taken as 100 cm3/N-s.
.  Test  procedure
As the model design was described in detail and different applied techniques and devices for measuring the inflow and
utflow as well as the water surface levels was illustrated, some information about the testing procedure is introduced
elow. As any of the tested embankments is assembled, the following testing procedure is carried out:
 Location of the overtopping water flow over the tested embankment is initiated by carving a small pilot channel at
the middle of the embankment crest. This channel was 0.10 m wide and only 0.03 m deep. The two side slopes of
such pilot channel are adjusted following the angle of repose of the embankment materials.
 The two measuring wooden bridges are installed perpendicular to the flow direction. The first one is installed on the
top end of the downstream face of the tested embankment. While the other one of the wooden bridge is installed onPlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
the half distance of the downstream face of the tested embankment.
 The stilling basins and the approach channel that are located upstream of the sharp crested weir are filled with water
up to the crest level of the weir.
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•  The ultra sonic sensors used inside the upstream reservoir and in the approach channel upstream of the sharp crested
weir are employed to record the zero readings for the surface water levels in both sites.Please cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
• The two feeding pumps are operated to fill the upstream reservoir with water at about 20 l/s. This is carried out in
steps of 10 cm high each up to about 10 cm lower than the crest level of the tested embankment. The top layer is
filled with lower flow rate of about 10 l/s.
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Fig. 4. The grain size distribution of the sand sample.
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fFig. 5. Changes in dry unit weight, d, as a function of moisture content for modified proctor compaction test specimens.
 The starting time for embankment breach process was then assigned as that moment when the flow is over topping
the tested embankment and reaching the downstream crest level.
 The most important requirement for the model is maintaining a close to constant head during the breach process.
This is fulfilled by increasing the feeding flow rate in such a way as to maintain constant water level along the whole
testing duration. Each of the time and the increase in the feeding discharge is recorded up to the end of the test.
 The embankment breach process is instantaneously recorded using a high quality camera which is fixed at a suitable
location downstream of the constructed embankment.
 The failure stage is reached when the water surface level in the upstream reservoir cannot be maintained even after
increasing the inflow discharge to the maximum capacity for the two feeding pumps.
.  Experimental  results
.1.  Embankment  erodibility
The erodibility of compacted soils is an important parameter for determining the anticipated performance of an
arthen embankment during overtopping. As the flow passes the pilot channel on the top of the embankment, breach
hannel is formed on the downstream face of the embankment. After that, the breach channel is getting wider at itsPlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
ownstream end. Tractive shear stress and turbulence will cause breach failure to change from primarily vertical erosion
o predominantly lateral erosion occurring along the breach channel side slopes. Undermining of the breach channel
ide slopes causes large volumes of unsupported material to collapse into the center of the channel and be transported
urther downstream. Under the action of upstream static water force and the dynamic flow drag force, some part of
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soil near the upstream entrance of the breach channel may lose its stability and suddenly collapse. Fig. 6a shows the
formation of the failure shape in the large scale embankment just before collapse and it took 7.24 min to reach thisPlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
shape. Fig. 6b shows the formation of the failure shape before collapse to the 1:2 small scale embankments and it took
almost 5.11 min to occur. The failure shape before sudden collapse in the 1:4 small scale embankment is shown in
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Fig. 7. Hydrograph, water level, and inflow discharge for the large and small scale sand embankments.
Table 2
Hydrograph characteristics of the sandy embankment breach.
Embankment No. Peak flow (l/s) Time to peak flow (min)
1 2750 10
2 350 4.5
3
F
s
5
5
i
l
fl
b
e 250 4.0
ig. 6c and it took about 3.6 min to occur. It can be seen in Fig. 6(a–c) that the three embankments take almost the
ame shape before sudden collapse occurs but with different times due to the scale effect.
.2.  Breach  temporal  evolution
.2.1.  Breach  hydrograph
It can be realized during the experiment that, the upstream water level of the reservoir decreases in spite of an
ncrease in the inflow to the reservoir. Fig. 7(a–c) presents the hydrograph, water level, reservoir inflow of the tested
arge and small scale embankments. Table 2 shows the peak discharges, and the time to reach the peak flow. The
ow hydrographs for the large and the small scale embankments behave the same way. It increases gradually with thePlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
reach development till it reaches a maximum value then it decreases till it reaches zero with a complete failure of the
mbankment.
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Fig. 8. Normalized breach depth at the crest and the middle of the downstream face of the embankment.Fig. 9. Normalized breach width at the crest and the middle of the downstream face of the embankment.
Figs. 8 and 9(a,b) show the normalized breach depth and width at the crest and the middle of the downstream face
of the sand embankments respectively. The breach depth (d) is divided by the height of the embankment (H), and thePlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
breach width (w) is divided by the width of embankment (W). The results show that in the sand embankment, the crest
is severely eroded within a few minutes due to the loss of supporting material, which resulted from head cut in the
upper part of the downstream face of the embankment. It is clear from Figs. 8 and 9 that the erosion mechanism of
the large scale embankment (H-180), the 1:2 small scale embankment (H-90), and the 1:4 small scale embankment
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Table 3
Maximum rate of breach width and depth at the crest of the embankment.
Rate (cm/s) Embankments Average
1 2 3
Rate of breach width (cm/s) 0.51 0.53 0.55 0.53
Rate of breach depth (cm/s) 0.38 0.35 0.36 0.36
Table 4
Maximum rate of breach width and depth at the middle of the embankment.
Rate (cm/s) Embankments Average
1 2 3
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aate of breach width (cm/s) 0.60 0.58 0.59 0.59
ate of breach depth (cm/s) 0.21 0.22 0.24 0.22
H-45) is almost the same even though the breach process is faster in the small scale embankment than the large scale
mbankment. In the small scale embankments the breach starts at shorter time than the large scale embankments. This
s because the scale difference between the large and the small scale embankments.
.2.2. Rate  of  breach
The rate of breach is obtained by dividing the maximum breach width or the maximum breach depth by the total
reach time. Tables 3 and 4 show the maximum rate of breach width and depth for the large and small scale sand
mbankments at the crest and the middle of the downstream face of the embankment respectively. It can be seen that
he results of the average rate of breach width and breach depth at the crest of the downstream face of the embankment
re 0.53 cm/s and 0.36 cm/s respectively. At the same time, the average breach width and breach depth at the middle
f the downstream face of the embankment are 0.59 cm/s and 0.22 cm/s respectively. It can be realized that the rate
f breach width is higher in the middle than in the crest of the embankment, while the opposite occurs for the breach
epth rate. This is because the erosion of the breach channel initially proceeds with the invert slope parallel to the
lope of the downstream face of the embankment. After the downstream toe of the breach channel invert has eroded
pstream to a pivot point along the base of the embankment, the channel invert slope then starts to flatten while rotating
bout this fixed (pivot) point. As erosion continues, the channel invert slope reduces to a terminal value of minimum
lope, the channel subsequently widening with a central flatbed region. This explains why the rate of breach width is
igher in the middle of the embankment than its crest. The embankment crest is severely eroded within a few minutes
ue to the loss of supporting embankment material, which resulted from head-cut in the upper part of the downstream
mbankment surface; this explains why the rate of breach depth is higher in the crest of the embankment (Coleman
t al., 1997).
.  Conclusions
A comprehensive experimental investigation to study the scale effects on the embankment breach process in sand
mbankments has been presented. It can be concluded from this study that, even though full-scale and large scale
ests are vital for better understanding of the breach mechanism in sand embankments, they are expensive and time
onsuming. This might limit the ability of such type of tests to study large numbers of embankment breach. Relatively
mall scale experiments (laboratory flumes) represent good opportunity to study the embankment breach phenomenon
n detail but the scale effect should be considered. Two different small scale sand embankments were tested in this
tudy. These small scale embankments represent one meter strip of a previously studied large scale embankment. ThePlease cite this article in press as: Abdellatif Mohamed, M.M., El-Ghorab, E.A.S., Investigating scale effects on breach evolution
of overtopped sand embankments. Water Sci. (2016), http://dx.doi.org/10.1016/j.wsj.2016.10.003
mall scale model is based on Froude similarity and sediment detachment rules. The cross sections of the first and
econd small scale sand embankments are of scale 1:2 and 1:4 respectively. The study shows that the large and the
mall scale embankments follow the same erodibility process. Also, the large and the small scale experiments pursue
lmost the same rate of breach. It was realized that the rate of breach width is higher in the middle than in the crest of
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the embankment, while the opposite occurs for the breach depth rate. Also, in the small scale embankments the breach
starts at shorter time than the large scale embankments. This is because of the scale difference between the large and
the small scale embankments. It can be concluded from this study that the small scale experiment can be used to study
the overtopping breach for sand embankments even with some scale effects. As the primary purpose of this study was
to determine the performance of small scale embankments to represent embankment breach processes; after the first
set of experiments, the complexity of the structure became increasingly apparent. Therefore, it is recommended for
future research to expand these experiments with different types of soils and different soil mixtures (e.g., sand, silt and
clay soils).
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